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Method and system for performing ranging operation are
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transmit a first signal having a first signal level and a second
signal having a second signal level, the second signal being
transmitted after the first signal, the first signal and the
second signal being separated by a time gap configured
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' by & target obigct
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separated by the time gap
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targel object, or a reflectivily of the fargel obieci, based on the al isast one ¢f the reflected first
signat or the refiected sacond signal
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1

SYSTEM AND METHODS FOR RANGING
OPERATIONS USING MULTIPLE SIGNALS

CROSS-REFERENCES TO RELATED
APPLICATIONS

The following three U.S. patent applications listed below
(which includes the present application) are being filed
concurrently, and the entire disclosures of the other appli-
cations are incorporated by reference into this application
for all purposes:

Application No. 16/232,973, filed Dec. 21, 2018, entitled

“MULTI-PULSE FUSION ANALYSIS FOR LIDAR
RANGING™;

Application No. 16/232,977, filed Dec. 21, 2018, entitled
“THREE-DIMENSIONAL LIGHT DETECTION
AND RANGING SYSTEM USING HYBRID TDC
AND ADC RECEIVER”; and

Application No. 16/232/979, filed Dec. 21, 2018, entitled

“MULTI-PULSE TECHNIQUE FOR IMPROVED
DYNAMIC RANGE FOR INTENSITY INFORMATION
IN LIDAR SYSTEMS.

BACKGROUND

Ranging operation generally refers to determining a dis-
tance between an observer and an object. Ranging operation
can be found in many applications, such as in a collision
avoildance system of a vehicle, among many others.

Ranging operation can be performed using various tech-
niques including, for example, measuring time-of-flight of
signals propagating between the observer and the object.
Specifically, a transmitter of the observer can transmit a light
signal at a first time. The signal can reach and retflected off
the object and the reflected light signal can be detected by
a receiver of the observer at a second time. The diflerence
between the first time and the second time can represent a
total time-of-tlight of the signal. Based on the speed of
propagation of the signal, as well as the time-oi-tlight of the
signal, the distance between the observer and the object can
be determined. Moreover, based on a ratio of the amplitudes/
powers ol the transmitted and the reflected light signals, the
reflectivity of the object can be measured, which can be part
of the ranging operation or another standalone operation
(e.g., to 1dentily the object).

To 1mprove the noise immunity of the ranging operation
and reflectivity measurement, the receiver may include
pre-processing circuits, such as amplifier and analog-to-
digital converter (ADC), to perform pre-processing of the
received signals. The receiver may also include processing,
circuits (e.g., digital signal processor) to perform processing
on the pre-processed signals. The processing may include,
for example, extracting amplitude characteristics (e.g., a
shape), frequency content, etc., of the pre-processed signals
to 1dentily the reflected light signal. To perform the extrac-
tion, the pre-processed signal should to be linearly related to
the received signal to preserve the amplitude characteristics
and frequency contents.

A pre-processing circuit typically has a dynamic range for
which the output 1s linearly related to the mput. If the signal
level of the reflected light signal 1s outside the dynamic
range, the pre-processing circuits may itroduce non-linear-
ity to the output, such that the output is no longer linearly
related to actual reflected light signal. Incorrect 1dentifica-
tion of the reflected light signal from the pre-processed
signals may result, which can introduce errors to the ranging
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operation. In addition, errors can also be itroduced to the
measurement of the reflectivity of the target object.

BRIEF SUMMARY

In certain embodiments, an apparatus 1s provided. The
apparatus 1s part of a Light Detection and Ranging (L1DAR)
module of a vehicle and comprising a transmitter circuit, a
receiver circuit having a dynamic range that defines a range
of input for which an output of the recerver circuit 1s linearly
related to the mput, and a controller. The controller 1s
configured to: configure a first signal level of a first signal
and a second signal level of a second signal based on a range
of distances to be measured by the LiIDAR module, a range

of reflectivity of a target object to be detected by the LiDAR
module, and the dynamic range of the receiver circuit; and
configure a time gap between the first signal and the second
signal based on a minimum separation distance between two
target objects to be resolved by the LiDAR module. The
transmitter circuit 1s configured to transmit, respectively at
a first time and a second time, the first signal having the first
signal level and the second signal having the second signal
level, the first time and the second time being separated by
the time gap. The receiver circuit 1s configured to: detect
signals comprising a retlected first signal and a reflected
second signal generate based on reflection of respectively
the first signal and the second signal by a target object;
pre-process the detected signals, the pre-processing com-
prising at least one of amplifying or digitizing the detected
signals; and output the pre-processed signals to the control-
ler. The controller 1s further configured to: identify, from the
pre-processed signals, candidate retlected signals, the 1den-
tification being based on searching for a group of pre-
processed signals that are separated by the time gap; com-
pare the candidate retlected signals with the first signal and
the second signal to identify at least one of the reflected first
signal or the reflected second signal; and determine at least
one of a distance between the apparatus and the target object
or a retlectivity of the target object based on the at least one
ol the reflected first signal or the retlected second signal.
In some aspects, the controller 1s configured to: identify
the reflected first signal from the candidate reflected signals;
determine a first time difference between the first signal and
the reflected first signal; determine a first time-of-flight of
{
C

he first signal based on the first time difference; and
letermine the distance based on the first time-of-tlight.

In some aspects, the controller 1s configured to: based on
determining that the reflected second signal 1s not within the
dynamic range of the receiver circuit, determining the dis-
tance based on the first time-of-flight.

In some aspects, the controller 1s configured to: based on
determining that the reflected second signal 1s within the
dynamic range of the receiver circuit, determining a second
time-oi-flight of the second signal based on a second time
difference between the second signal and retlected second
signal; and determining the distance based on the first
time-oi-flight and the second time-of-tlight.

In some aspects, the controller 1s configured to: 1dentily
the reflected second signal from the candidate reflected
signals; determine a second time difference between the
second signal and the reflected second signal; determine a
second time-of-flight of the second signal based on the
second time difference; and determine the distance based on
the second time-of-tlight.

In some aspects, the controller 1s configured to: based on
determining that the reflected first signal 1s not within the
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dynamic range of the receiver circuit, determiming the dis-
tance based on the second time-of-tlight.

In some aspects, the controller 1s configured to determine
the retlectivity of the target object based on at least one of:
a first ratio between the first signal level of the first signal
and a third signal level of the reflected first signal, or a
second ratio between the second signal level of the second
signal and a fourth signal level of the reflected second signal.

In some aspects, the LiDAR module 1s a first LiDAR
module. The time gap 1s a first time gap. The controller 1s
configured to set the first time gap based on a second time
gap between a third signal and a fourth signal transmitted by
a second LiDAR module.

In some aspects, the controller 1s configured to transmit
multiple groups of the first signal and the second signal. The
time gap between the first signal and the second signal for
cach of the multiple groups 1s set based on a random
function.

In some aspects, the first signal level 1s configured such
that a signal level of the reflected first signal from a target
object positioned at the minimum distance of the range of
distances from the LiDAR module and having a maximum
level of reflectivity of the range of levels of reflectivity,
measured at an mput of the receiver circuit, 1s equal to or
below an upper end of the dynamic range. The second signal
level 1s configured such that a signal level of the retlected
second signal from a target object positioned at a maximum
distance of the range of distances from the LiDAR module
and having a mimimum level of reflectivity of the range of
levels of reflectivity, measured at the mput of the receiver
circuit, 15 equal to or above a lower end of the dynamic
range.

In some aspects, a ratio between the first signal level and
the second signal level 1s configured based on a ratio of
signal of reflected signals generated by reflection of a signal
at two target objects separated by a pre-determined distance,
to enable the controller to determine whether two reflected
signals are generated by retlection of a signal at two target
objects or are generated by retlection of the first signal and
the second signal at a single target object.

In certain embodiments, an apparatus 1s provided. The
apparatus 1s part of a Light Detection and Ranging (L1iDAR)
module of a vehicle. The apparatus comprises a transmitter
circuit configured to: transmit a first signal having a first
signal level and a second signal having a second signal level,
the second signal being transmitted after the first signal, the
first signal and the second signal being separated by a time
gap conligured based on a minimum distance of a range of
distances to be measured by the LiDAR module. The first
signal level and the second signal level are configured based
on the range ol distances to be measured by the LiDAR
module, a range of levels of reflectivity of a target object to
be detected by the LiIDAR module, and a dynamic range of
a receiver circuit to receive the first signal and the second
signal, such that at least one of a reflected first signal or a
reflected second signal, generated based on reflection of
respectively the first signal and the second signal by the
target object, 1s within the dynamic range of the receiver
circuit when received at the receiver circuit. The dynamic
range defines a range of input for which an output of the
receiver circuit 1s linearly related to the nput.

In certain embodiments, an apparatus 1s provided. The
apparatus 1s part of a Light Detection and Ranging (L1DAR)
module of a vehicle. The apparatus comprises a receiver
circuit that has a dynamic range that defines a range of input
for which an output of the receiver circuit 1s linearly related
to the mput, and a controller. The receiver circuit 1s config-
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ured to: detect signals comprising a retlected first signal and
a reflected second signal generated based on retlection of a
first signal and a second signal by a target object, the first
signal and the second signal being separated by a time gap
configured based on a mimimum distance of a range of
distances to be measured by the LiDAR module, the first
signal and the second signal having, respectively, a first
signal level and a second signal level configured based on
the range of distances to be measured by the LiDAR module,
a range of levels of reflectivity of a target object to be
detected by the LiDAR module, and the dynamic range of
the receiver circuit; pre-process the detected signals, the
pre-processing comprising at least one of amplifying or
digitizing the detected signals; and output the pre-processed
signals to the controller. The controller 1s configured to:
identily, from the pre-processed signals, candidate retlected
signals, the identification being based on searching for a
group of pre-processed signals that are separated by the time
gap; compare the candidate reflected signals with the first
signal and the second signal to identily at least one of the
reflected first signal and the reflected second signal; and
determine at least one of a distance between the apparatus
and the target object or a reflectivity of the object based on
the at least one of the retlected first signal or the retlected
second signal.

In certain embodiments, a method i1s provided. The
method comprises: configuring, by a controller of a LiDAR
module, a first signal level of a first signal and a second
signal level of a second signal based on a range of distances
to be measured by the LiIDAR module, a range of reflectivity
ol a target object to be detected by the LiDAR module, and
a dynamic range of a recerver circuit of the LiDAR module,
wherein the dynamic range defines a range of mput for
which an output of the receiver circuit 1s linearly related to
the 1nput; configuring, by the controller, a time gap between
the first signal and the second signal based on a minimum
separation distance between two target objects to be
resolved by the LiDAR module; transmitting, by a trans-
mitter circuit of the LiDAR module and at respectively a first
time and a second time, the first signal having the first signal
level and the second signal having the second signal level,
the first time and the second time being separated by the time
gap; detecting, by the receiver circuit, signals comprising a
reflected first signal and a reflected second signal generate
based on reflection of respectively the first signal and the
second signal by a target object; pre-processing, by the
receiver circuit, the detected signals, the pre-processing
comprising at least one ol amplitying or digitizing the
detected signals; outputting, by the receirver circuit, the
pre-processed signals to the controller; 1dentitying, by the
controller and from the pre-processed signals, candidate
reflected signals that are separated by the time gap; com-
paring, by the controller, the candidate reflected signals with
the first signal and the second signal to 1dentify at least one
ol the reflected first signal or the retlected second signal; and
determining, by the controller, at least one of a distance
between the LiDAR module and the target object or a
reflectivity of the target object based on the at least one of
the retlected first signal or the reflected second signal.

In some aspects, determining the distance comprises:
identifying the reflected first signal from the candidate
reflected signals; determining a first time diflerence between
the first signal and the reflected first signal; determiming a
first time-oi-tlight of the first signal based on the first time
difference; and determining the distance between the L1IDAR
module and the target object based on the first time-oi-tlight.
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In some aspects, determining the distance comprises:
based on determining that the reflected second signal 1s not
within the dynamic range of the receiver, determining the
distance based on the first time-of-tlight.

In some aspects, determining the distance comprises:
based on determining that the reflected second signal 1s
within the dynamic range of the receiver, determining a
second time-oi-flight of the second signal based on a second
time difference between the second signal and reflected
second signal; and determining the distance based on the
first time-of-tlight and the second time-oi-tlight.

In some aspects, determining the reflectivity of the target
object comprises: determining at least one of: a first ratio
between the first signal level of the first signal and a third
signal level of the reflected first signal, or a second ratio
between the second signal level of the second signal and a
fourth signal level of the retlected second signal; and deter-
mimng the retlectivity based on at least one of the first ratio
or the second ratio.

In some aspects, the method further comprises transmit-
ting, by the transmitter circuit, multiple groups of the first
signal and the second signal. The time gap between the first
signal and the second signal for each of the multiple groups
1s set based on a random function.

In some aspects, the first signal level 1s configured such
that a signal level of the reflected first signal from a target
object positioned at the minimum distance of the range of
distances from the LiDAR module and having a maximum
level of reflectivity of the range of levels of reflectivity,
measured at an mput of the receiver circuit, 1s equal to or
below an upper end of the dynamic range. The second signal
level 1s configured such that a signal level of the reflected
second signal from a target object positioned at a maximum
distance of the range of distances from the LiDAR module
and having a minimum level of reflectivity of the range of
levels of reflectivity, measured at the mput of the receiver
circuit, 15 equal to or above a lower end of the dynamic
range.

In some aspects, a ratio between the first signal level and
the second signal level 1s configured based on a ratio of
signal of reflected signals generated by reflection of a signal
at two target objects separated by a pre-determined distance,
to enable the controller to determine whether two reflected
signals are generated by reflection of a signal at two target
objects or are generated by retlection of the first signal and
the second signal at a single target object.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed description 1s set forth with reference to the
accompanying figures.

FIG. 1 shows an autonomous driving vehicle utilizing
aspects of certain embodiments of the disclosed techniques
herein.

FIG. 2A and FIG. 2B illustrate examples of a ranging
system that can be part of FIG. 1.

FIG. 3A and FIG. 3B illustrate an example of a ranging
system, according to embodiments of the present disclosure.

FIG. 4A-FIG. 4C 1llustrate examples of configuration of
the ranging system of FIG. 3A and FIG. 3B, according to
embodiments of the present disclosure.

FIG. 5A-FIG. 5C 1llustrate another examples of configu-
ration of the ranging system of FIG. 3A and FIG. 3B,
according to embodiments of the present disclosure.
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FIG. 6 illustrates a flowchart of a method for performing
a ranging operation, according to certain embodiments.

DETAILED DESCRIPTION

In the following description, various examples of a rang-
ing system will be described.

For purposes of explanation, specific configurations and
details are set forth 1n order to provide a thorough under-
standing of the embodiments. However, 1t will be apparent
to one skilled 1n the art that certain embodiments may be
practiced or implemented without every detail disclosed.
Furthermore, well-known features may be omitted or sim-
plified 1mn order to prevent any obfuscation of the novel
features described herein.

A ranging system, such as a Light Detection and Ranging
(L1IDAR) module, typically includes pre-processing circuits
to pre-process signals detected by a receiver. The pre-

processing, which can include amplification and digitaliza-
tion, can prepare the signals for subsequent processing
operations to match a reflected signal with a previously-
transmitted signal to determine the time-of-flight of the
signal. The pre-processing circuits, such as amplifier and
ADC, typically have a dynamic range for which the output
1s linearly related to the input. The lower end of the dynamic
range can be related to, for example, the noise floor of the
pre-processing circuits. If the mput signal level 1s below the
lower end of the dynamic range, the pre-processing circuits
may be unable to distinguish the mput from noise. The upper
end of the input range can be related to, for example, a signal
level which causes the amplifier and the ADC to saturate. If
the mput signal level 1s above the upper end of the dynamic
range, the output of the pre-processing circuits may stay at
the saturation level and no longer correlates with the iput.
In both cases, the pre-processing circuits may introduce
non-linearity to the output, such that the output 1s no longer
linearly related to actual reflected light signal. Non-linearity
will corrupt the amplitude of the pre-processed retlected
light signal and corrupt amplitude measurements, which can
introduce error to the object reflectivity measurements. The
distortion of pre-processed reflected light signal can also
introduce error to the ranging operation.

To ensure that the pre-processing circuits output 1s lin-
carly related to the input for proper processing operation, the
signal level of the transmitted signal can be configured such
that the reflected light signal, as received at the receiver, falls
within the dynamic range. But 1t 1s diflicult to pick one signal
level to ensure that the reflected light signal level 1s within
the dynamic range for various operation conditions, such as
different measurement distances, different levels of reflec-
tivity, etc. Specifically, for diflerent measurement distances,
the retlected light signal will experience different attenua-
tions. A reflected light signal from an object near the recerver
and/or with high reflectivity may saturate the receiver, while
another reflected light signal from another object far away
from the receiver and/or with low reflectivity may be
indistinguishable from noise, even 1f the same signal 1s
transmitted to both objects. In order to pick one transmitted
signal level to ensure that the reflected light signal level
stays within the dynamic range, the range of measurement
distances and levels of retlectivity for the ranging operation
may become very narrow, which can severely reduce the
utility of the ranging operation.

Conceptual Overview of Certain Embodiments

Examples of the present disclosure relate to a ranging
system, such as a LiDAR module, that can address the
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problems described above. Various embodiments of the
ranging system can include a transmitter circuit, a receiver
circuit, a controller, and a processing engine. The controller
can control the transmitter circuit to transmit a first signal
having a first signal level and a second signal having a
second signal level towards a target object, with the second
signal transmitted after the first signal. The first signal and
the second signal can be separated by a pre-configured time
gap. Examples of the first signal and the second signal are
shown 1n FIG. 3A. The recerver circuit has a dynamic range
and 1s configured to detect signals and perform certain
pre-processing operation (e.g., amplification, digitization,
etc.) on the detected signals. From the pre-processed signals,
the controller can 1dentity candidate reflected signals based
on searching for a group of detected signals that are sepa-
rated by the pre-configured time gap. The controller can then
compare the candidate reflected signals with the first signal
and the second signal to identily reflected first signal and
reflected second signal. The comparisons can be in the
amplitude and/or frequency domain. The controller can
determine a distance between the ranging system and the
target object based on at least one of the retlected first signal
or the retlected second signal. For example, if the reflected
first signal level 1s below the lower end of the dynamic
range, the controller may measure the distance based on a
time difference between the second signal and the reflected
second signal. If the reflected second signal level 1s above
the upper end of the dynamic range, the controller may
measure the distance based on a time difference between the
first signal and the reflected first signal.

The time gap between the first signal and the second
signal can be configured to enable the ranging system to
distinguish reflected light signals from multiple target
objects. For example, as described in FIG. 4A, the time gap
between the first signal and the second signal can be
configured based on a minimum separation distance between
two target objects to be resolved by the ranging system. The
time gap can be configured as a minimum time-oi-tflight of
the first signal between the two target objects, to prevent a
reflected first signal, from a first target object further away
from the ranging system, and a reflected second signal, from
a second target object closer to the ranging system, from
arriving at the receiver at the same time and interfering/
corrupting each other.

In some embodiments, the time gap between the first
signal and the second signal can be dynamically updated
based on an operation condition. For example, as described
in FIG. 4B, the ranging system may randomize the time gap
between the first signal and the second signal as the vehicle
approaches an object, to reduce the risk of return signals
from the object for signals transmaitted at different distances
from the object interfering with each other. As another
example, as described 1 FIG. 4C, when two vehicles are at
vicinity of each other, the ranging system of each vehicle can
isert a time gap between the first signal and the second
signal configured for that vehicle. A ranging system can then
identily the reflected light signals for a vehicle based on the
time gap and only use the 1dentified retlected light signals for
ranging operation, while 1gnoring other reflected light sig-
nals separated by a diflerent time gap configured for a
different vehicle.

In addition, the first signal level (of the first signal) and the
second signal level (of the second signal) can be configured
to ensure that at least one of the reflected first signal or the
reflected light signal 1s within a dynamic range of the
receiver. For example, the first signal level may be smaller
than the second signal level. The first signal level can be
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configured such that the retlected first signal received at the
receiver from a target object positioned at a maximum

measurement distance and having a minimum retlectivity
has a signal level above the lower end of the dynamic range.
Moreover, the second signal level can be configured such
that reflected second signal received at the recerver from a
target object positioned at a minimum measurement distance
and having a maximum retflectivity has a signal level below
the upper end of the dynamic range. With such arrange-
ments, 1t can be ensured that at least one of the reflected first
signal or the reflected light signal 1s within the dynamic
range of the receiver across the reflectivity range and mea-
surement distances range the ranging system operates 1n.
Moreover, 1n some embodiments, the first signal level and
the second signal level can also be configured to enable the
ranging system to distinguish reflected light signals from
multiple target objects. For example, a first ratio of signal
levels between reflected light signals from reflection of the
first signal or the second signal at two target objects sepa-
rated by a pre-determined separation distance can be deter-
mined. A second ratio between the first signal level and the
second signal level can be configured based on the first ratio.
The ranging system can then determine whether multiple
reflected signals are generated by the reflection of a light
signal at multiple target objects or are generated by the
reflection of the first light signal and the second light signal
at the same target object, based on whether the ratio of signal
level between the retlected signals exceeds the first ratio.
With the disclosed embodiments, two (or more) signals
are transmitted to measure the distance of one or more
objects. The signal levels of the transmitted signals can be
individually configured for the upper end and lower end of
the dynamic range, and for the operation conditions associ-
ated with the upper end and lower end of the dynamic range
(e.g., minimum measurement distance and maximum reflec-
tivity, maximum measurement distance and minimum
reflectivity, etc.). With such arrangements, 1t can be ensured
that the signal level of at least one of reflected light signals
1s within the dynamic range and can be identified for
time-oi-tlight measurement, even 1 the other reflected light
signals are outside the dynamic range. This allows the
ranging operating to be performed over a wider range of
measurement distances and levels of reflectivity. Moreover,
by configuring the time gap between the signals based on the
minimum separation distance between target objects and
based on the minimum measurement distance, interference
between signals reflected from different target objects can be
reduced. Different sets of reflected light signals from differ-
ent target objects can also be identified more easily. As a
result, the measurement of distances based on retlected light
signals from multiple objects can become more accurate. All
of these can improve the robustness and performance of a
ranging system over conventional implementations.

Typical System Environment for Certain
Embodiments

FIG. 1 illustrates an autonomous vehicle 100 1n which the
disclosed techniques can be implemented. Autonomous
vehicle 100 includes a ranging system, such as LiDAR
module 102. LiDAR module 102 allows autonomous
vehicle 100 to perform object detection and ranging in a
surrounding environment. Based on the result of object
detection and ranging, autonomous vehicle 100 can maneu-
ver to avoid a collision with the object. LIDAR module 102
can include a light steering transmitter 104 and a receiver
106. Light steering transmitter 104 can project one or more
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light signals 108 at various directions at different times 1n
any suitable scanning pattern, while receiver 106 can moni-
tor for a light signal 110 which 1s generated by the reflection
of light signal 108 by an object. Light signals 108 and 110
may include, for example, a light pulse, a frequency modu-
lated continuous wave (FMCW) signal, an amplitude modu-
lated continuous wave (AMCW) signal, etc. LIDAR module
102 can detect the object based on the reception of light
pulse 110, and can perform a ranging determination (e.g.,
measuring a distance of the object) based on a time differ-
ence between light signals 108 and 110. For example, as
shown 1 FIG. 1, LiIDAR module 102 can transmit light
signal 108 at a direction directly i front of autonomous
vehicle 100 at time T1 and receive light signal 110 reflected
by an object 112 (e.g., another vehicle) at time T2. Based on
the reception of light signal 110, LiDAR module 102 can
determine that object 112 1s directly 1n front of autonomous
vehicle 100. Moreover, based on the time difference between
11 and T2, LiDAR module 102 can also determine a
distance 114 between autonomous vehicle 100 and object
112. Autonomous vehicle 100 can adjust 1ts speed (e.g.,
slowing or stopping) to avoid collision with object 112 based
on the detection and ranging of object 112 by LiDAR
module 102.

FIG. 2A illustrates examples of components of a LiDAR
module 102. LiDAR module 102 includes a transmitter 202,
a receiver 204, and a controller 206. Transmitter 202 may
include a light source (e.g., a pulsed laser diode, a source of
FMCW signal, a source of AMCW signal, etc.) to transmit
light signal 108. Controller 206 includes a signal generator
208 which can determine the amplitude characteristics of
light signal 108, as well as the time when transmitter 202
transmits light signal 108. Light signal 108 can propagate to
and reflected off target object 209 to form reflected light
signal 110. Receiver 204 can detect the retlected light signal
110 together with other signals.

Graphs 220 and 222 1llustrate examples of light signal 108
and retlected light signal 110. Referring to graph 220 of FIG.
2A, which shows the output of transmitter 202 with respect
to time, signal generator 208 can control transmitter 202 to
transmit light signal 108 between times TO and T2, with
light signal 108 peaking at time T1. Light signal 108 can be
reflected ofl target object 209 to become reflected light
signal 110. Referring to graph 222 of FIG. 2A, which shows
the mput signals at receiver 204 with respect to time,
receiver 204 can detect the reflected light signal 110 together
with other light signals (e.g., signal 213). Receiver 204 can
include a photodetector (e.g., a photodiode) which can
convert received photons nto current to represent the
received light signals. Receiver 204 can also include pre-
processing circuits, such as amplifier and ADC, to perform
pre-processing operations on the photodetector output sig-
nals, and provide the pre-processed signals to processing
engine 210 to extract the reflected light signal 110. The
pre-processing operations can be performed to facilitate the
signal processing operations at processing engine 210 of
controller 206. For example, the amplifier can amplify the
detected signals, whereas the ADC can convert the amplified
signals from analog format to digital format. Graph 222
illustrates the pre-processing output of receiver 204 with
respect to time.

The pre-processing circuits of receiver 204, such as
amplifier and ADC, typically have a dynamic range for
which the output i1s linearly related to the input. The lower
end of the dynamic range can be related to, for example, the
noise tloor of the pre-processing circuits. If the mput signal
level 1s below the lower end of the dynamic range, the
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pre-processing circuits may be unable to distinguish the
input from noise. The upper end of the input range can be
related to, for example, a signal level which causes the
amplifier and the ADC to saturate. If the mput signal level
1s above the upper end of the dynamic range, the output of
the pre-processing circuits may stay at the saturation level
and 1s no longer linearly related to the input.

Moreover, processing engine 210 may include a digital
signal processor (DSP) to perform the signal processing
operations on the recerved signals which have been pre-
processed (e.g., amplified and converted into digital format).
The signal processing operations may include, for example,
determining a pattern of changes of the signal level with
respect to time, such as an amplitude envelop shape or other
amplitude characteristics, of the receive signals. As another
example, the processing may include Fast Fourier Transform
(FFT) to extract frequency contents of the pre-processed
signals. To ensure that processing engine 210 extracts the
amplitude characteristics and frequency contents of the
actual retlected light signal 110, the pre-processing output of
receiver 204 needs to be linearly related to the mput. As
such, the signal level of reflected light signal 110 at the input
of recerver 204 needs to be within the dynamic range of the
pre-processing circuits of receiver 204.

Controller 206 further includes a distance determination
module 212. Distance determination module 212 can collect
the amplitude characteristics and/or Ifrequency contents
information of transmitted light signal 108 and received
signals from, respectively, signal generator 208 and process-
ing engine 210, and perform a search for reflected light
signal 110 in the received signals. The search can be based
on, for example, identifying a signal having amplitude
characteristics and/or frequency contents that are scaled
copies of amplitude characteristics and/or frequency con-
tents of transmitted light signal 108. Referring to graph 222,
based on amplitude characteristics, distance determination
module 212 may determine that the received signal 213
between times 13 and T4 i1s not retlected light signal 110
because 1t does not have the same amplitude envelop shape
as transmitted light pulse 108. Distance determination mod-
ule 212 may also identily the received signals between times
15 and T7 as reflected light signal 110 based on the received
signals having the same amplitude envelop shape as trans-
mitted light signal 108. Distance determination module 212
can determine a time difference between transmitted light
signal 108 and reflected light signal 110 to represent time-
of-flight (TOF) 224 of light signal 108 between LiDAR
module 102 and target object 209. The time difference can
be measured between, for example, time T1 when light
signal 108 peaks and time T6 when reflected light signal 110
peaks. Based on time-of-flight 224 and speed of propagation
of light signals, distance determination module 212 can
determine a distance 226 between LiDAR module 102 and
target object 209.

The signal level of reflected light signal 110 at receiver
204 may vary depending on the measurement distance as
well as the reflectivity of the target object. The measurement
distance can determine a degree of attenuation of the trans-
mitted light signal 108 along the propagation path from
transmitter 202 to target object 209, as well as a degree of
attenuation of the retlected light signal 110 along the propa-
gation path from target object 209 back to receiver 204, with
shorter measurement distance leading to less attenuation and
vice versa. Moreover, the retlectivity of the target object 209
can also determine a percentage of the signal power of light
signal 108 reflected by the object as the retlected light signal
110, with a higher reflectivity leading to a larger percentage
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of retlected light signal power and vice versa. The following
equation provides an example relationship between a peak
photodetector current at receiver 204, which represents the
reflected light signal level at the input of the receiver, and the

measurement distance and the target object reflectivity:

Reflectivity (Equation 1)

Distance?

% o~ 2yxDistance

! peak

In Equation 1, the peak photodetector current I, can be
directly proportional to the reflectivity for a given measure-

ment distance. Moreover, 1, 1s related to a reciprocal of
square of the measurement distance as well as a negative
exponential function of the measurement distance, which

means I, . drops at a very high rate with respect to the
measurement distance. Gamma (y) can refer to the light
absorption coeflicient of the atmosphere.

The signal level of light signal 108 can be configured
based on an operational range of measurement distances and
an operational range ol object reflectivity to ensure that
signal level of the signal level of the reflected light signal
110 at receiver 204 1s within the dynamic range. For
example, referring to FIG. 2B, when transmitter 202 trans-
mits light signal 108 to a target object 230 at a minimum
measurement distance D, (ol the operational range of
measurement distances) and having a maximum reflectivity
o, (of the operational range of object retlectivity), the
signal level of reflected light signal 110 received at receiver
204 will be at maximum. Light signal 108 can be configured,
based on Equation 1, such that the maximum signal level of
reflected light signal 110 1s equal to or below the upper limit
252 of the dynamic range of receiver 204, as shown 1n graph
240. Moreover, when transmitter 202 transmits light signal
108 to a target object 250 at a maximum measurement
distance D, ., .- and having a minimum reflectivity p, ., the
signal level of reflected light signal 110 received at receiver
204 will be at mmimum. Light signal 108 can be configured,
based on Equation 1, such that the minimum signal level of
reflected light signal 110 1s equal to or above the lower limit
232 of the dynamic range of receiver 204, as shown 1n graph
240.

With the arrangements 1n FIG. 2B, the signal level of light
pulse 108 can be configured to have the reflected light signal
level within the dynamic range of receiver 204. However,
the operational range of measurement distances D, .-
D,, .+, as well as the operational range of reflectivity p, . -
P, .., may become very narrow. LiIDAR module 102 may be
unable to perform ranging operations on an object that 1s
closer than D, .., or further than D, ,, .. LIDAR module 102
may also be unable to perform ranging operations on an
object having a reflectivity below p, .. or above p,_ . All
these can pose severe limit on the performance and utility of
L1iDAR module 102.

Reference 1s now made to FIG. 3A, which illustrates
another examples of a ranging system 300 that can be part
of LiDAR module 102. As shown in FIG. 3A, ranging
system 300 includes transmitter 202, recerver 204, and a
controller 306. Controller 306 includes a multi-signal gen-
erator 308 which can control transmitter 202 to transmit
multiple light signals 310, including light signal 310aq and
light signal 31056, to target object 209. Light signals 310a
and 3105 can be retlected off target object 209 to generate
reflected light signals 312a and 31254, which can be detected
and pre-processed by receiver 204. Although FIG. 3 A 1llus-
trates that two light signals are transmitted, it 1s understood
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that multi-signal generator 308 can control transmitter 202
to transmit more than two light signals 310.

Graphs 320 and 322 illustrate examples of light signals
310a and 31056 and reflected light signals 312a and 3125.
Referring to graph 320, light signal 310a can be transmaitted
between times T0 and T2, while light signal 3106 can be
transmitted at a later time between times T3 and T3S. Light

signal 310a can have different signal level from light signal
310b. In the example shown 1n FIG. 3A, light signal 310q

can have a signal level A, whereas light signal 3105 can have
signal level that 1s a multiple M of the signal level of light
signal 310a (e.g., MxA). As to be discussed below, the
signal levels of light signals 310a and 3105 can be config-
ured such that across an operational range of measurement
distance and across an operational range of target object
reflectivity, the reflected light signal level of at least one of
light signals 310a or 3106 can be within the dynamic range
of receiver 204. In addition, corresponding points of light
signals 310a and 31056 are separated by a pre-configured
time gap 1,,. For example, the middle point of light signal
310a can be at time T1, whereas the middle point of light
signal 3105 can be at time T4, and times T1 and T4 can be
separated by time gap T, . Reterring to graph 322, corre-
sponding points of reflected light signals 3124 and 31254
from target object 209, received at receiver 204 between
times T6 and T8 and between times T9 and T11, 1s also
separated by the same time gap Ts,,. For example, the
middle point of reflected light signal 3124 can be at time T7,
whereas the middle point of light signal 3125 can be at time
110, and times T7 and 110 can also be separated by time gap
T, As to be discussed below, T, can be configured to
facilitate 1denftification of reflected light signals (e.g.,
reflected light signals 3124 and 31256) from a single target
object 1n a case where recerver 204 receives multiple
reflected light signals from multiple target objects, which
can 1mprove the accuracy of distance measurement.

Receiver 204 can receive reflected light signals 312a and
312b, together with other signals. Receiver 204 can perform
pre-processing operations (e.g., amplification and digitali-
zation) on the received signals, including reflected light
signals 312a and 312b. Processing engine 210 of controller
306 can perform signal processing operations on the pre-
processed signals including, for example, determining an
amplitude envelop shape or other amplitude characteristics,
extract frequency contents, etc.

Multi-signal distance determination module 332 can mea-
sure distance 226 between ranging system 300 and target
object 209 based on the processing results from processing
engine 210. FIG. 3B includes a graph 340 that illustrates
examples of distance measurement operations by multi-
signal distance determination module 332 for target objects
of different measurement distances and/or having different
levels of reflectivity. Specifically, multi-signal distance
determination module 332 can perform time-of-flight mea-
surements 1n a multi-step process. In the first step, multi-
signal distance determination module 332 identily one or
more groups of candidate reflected signals. Each group of
candidate reflected signals contain the same number of
transmitted light signals (e.g., two as shown 1 FIG. 3A and
FIG. 3B) and separated by time gap T,,. In the example
shown 1n FIG. 3B, the groups of candidate reflected signals
may include a group including retlected light signals 312a
and 3125, a group including retlected light signals 342a and
342b, and a group including retlected light signals 352a and
352b. In each group, the corresponding points (e.g., middle
points) of the signals are separated by time gap 1,,_,. In the
second step, multi-signal distance determination module 332
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can match light signal 310a with a candidate retlected signal,
and determine a time-of-tlight of light signal 310a based on
a time difference between light signal 310a and the matching
candidate reflected signal. Multi-signal distance determina-
tion module 332 can also perform the same operation with
light signal 3106. Multi-signal distance determination mod-
ule 332 can then determine distance 226 based on the
time-oi-tlight of at least one of light signals 310a or 3105.

Referring to FIG. 3B, as the first step, multi-signal dis-
tance determination module 332 can identify candidate
reflected signals based on time gap T, even if the one of
the reflected light signals within the group 1s outside the
dynamic range of receiver 204, such that the pre-processed
reflected light signal 1s distorted or otherwise not linearly
related to the reflected light signal betfore the pre-processing.
For example, reflected light signal 34256 may exceed upper
limit 252 of the dynamic range due to, for example, the
target object being very close to ranging system 300 and/or
having very high reflectivity. As a result the pre-processed
reflected light signal 3426 may be clipped. Also, reflected
352a may be below lower limit 232 of the dynamic range
due to, for example, the target object being very far away
from ranging system 300 and/or having very low reflectivity.
As a result the pre-processed retlected light signal 352a may
be distorted or otherwise not linearly related to reflected
light signal 352a. For each detected signal, multi-signal
distance determination module 332 can determine, for
example, the timing of the middle point of the signal based
on the varnation of the signal level with respect to time, and
then determine the time difference between the muddle
points of the detected signals to 1dentily groups of reflected
light signals. As shown in FIG. 3B, multi-signal distance
determination module 332 can determine that the middle
points of reflected light signals 312aq and 31256, 3424 and
342b, and 352a and 3525 are at, respectively, time pairs T7
and T10, T11 and T12, and T13 and T14. Multi-signal
distance determination module 332 may determine that each
time pairs 1s separated by time gap 1, and determine
signals 312a and 3125, 342a and 3425b, and 352a and 35256
as the candidate reflected signals of light signals 310a and
3105.

After identifying groups of candidate reflected signals,
multi-signal distance determination module 332 can deter-
mine, within each group, which candidate reflected signal 1s
a retlected light signal of light signal 310a and which signal
1s a reflected light signal of light signal 31054. The determi-
nation can be based on comparing the amplitude character-
istics and/or frequency contents of the candidate reflected
signals with light signals 310a and 31056 to determine which
candidate reflected signal 1s linearly related to light signal
310q, and to determine which candidate retlected signal 1s
linearly related to light signal 3105. Multi-signal distance
determination module 332 can then determine the time
difference between light signal 310a (or light signal 3105)
and the matching candidate reflected signal as the time-oi-
flight of the light signal. Retferring to FIG. 3B, multi-signal
distance determination module 332 may determine that
reflected light signal 342a 1s linearly related to light signal
310a, while the pre-processed output of retlected light signal
342b 1s saturated and not linearly related to light signal
310b. As a result, multi-signal distance determination mod-
ule 332 can determine a time-of-flight of light signal 310a
based on difference between T1 and T11, and use that
time-oi-tlight to determine distance 226. Moreover, multi-
signal distance determination module 332 may also deter-
mine that reflected light signal 35256 1s linearly related to
light signal 3105, but the signal level of reflected light signal
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352a 1s too low and the pre-processed output 1s not linearly
related to light signal 310a. Therefore, multi-signal distance
determination module 332 can determine a time-oi-tlight of
light signal 3105 based on difference between T4 and T14,
and use that time-of-tlight to determine distance 226. Fur-
ther, multi-signal distance determination module 332 may
determine that reflected light signals 312a and 312) are
linearly related to, respectively, light signals 310a and 3105,
and can determine the time-of-flights of both light signal
310a (based on the difference between 11 and T7) and of
light signal 3105 (based on the diflerence between 14 and
110). Multi-signal distance determination module 332 can
determine distance 226 based on one of the time-of-flights of
light signals 310a and 3105, or by averaging the time-oi-
flights of both signals. Such approach can improve the
probability of detecting target object 209 and correctly
measuring distance 226.

As described above, the time gap T, between the light
signal 310a and light signal 3106 can be configured to
facilitate 1dentification of reflected light signals from a
single target object 1n a case where recerver 204 receives
multiple reflected light signals from multiple target objects.
FIG. 4A illustrates an example configuration of time gap
T'6.,- As shown in FIG. 4A, the time gap 1, , between light
signal 310a and light signal 3105 can be configured based on
(or used to define) a minimum separation distance
D, eparation-min DETWEEN tWO target objects to be resolved by
ranging system 300. As shown 1n graph 410, light signals
310a and 3105 can reflect off a target object 402 to generate,
respectively, retlected light signals 422a and 422b6. More-
over, light signals 310a and 3105 can also retlect off a target
object 404 to generate, respectively, reflected light signals
432a and 4325b. Referring to graph 440, if the separation
distance between target objects 402 and 404 exceeds the
minimum separation distance D, .. .0, e the time-of-
flight of light signal 310a between target objects 402 and
404 will exceed time gap T, by an additional delay T,
The total time-oi-flight of light signal 310a between ranging
system 300 and target object 404 (denoted as TOF ;4,104 10
FIG. 4A) can be given by the sum of T, , T,, and a
time-oi-flight between ranging system 300 and target object
402 (denoted as TOF ., 1n FIG. 4A). Moreover, the time-
of-flight of light signal 3106 between ranging system 300
and target object 402 1s TOF .

As shown i FIG. 4A, with the additional delay T,
reflected light signal 4226 (from reflection of light signal
310H by target object 402) and reflected light signal 432a
(from retlection of light signal 310a by target object 404)
can occupy different times, which can reduce interference
between the two retlected light signals and allow multi-
signal distance determination module 332 to distinguish
between reflected light signal 4225 and reflected light signal
432a retlected from different target objects. Such arrange-
ments can reduce the risk of multi-signal distance determi-
nation module 332 ignoring retlected light signal 4225 and
reflected light signal 432a for time-oi-flight determination
due to the signals corrupting each other as they arrnive at
receiver 204 at the same time. Moreover, such arrangements
can also reduce the likelithood of multi-signal distance
determination module 332 erroneously measuring the dis-
tance of target object 404 based on retflected light signals
4225 reflected by target object 402.

Time gap T, can be configured based on other criteria.
For example, T,, can be configured based on the time-ot-
flight of a light signal over the maximum measurement
distance, 11 the time budget allows. In some examples, time
gap 14, can also be mimimized, for example, to the extent
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that multi-signal distance determination module 332 can
distinguish between two reflected light signals from the
same object (e.g., between reflected light signals 4224 and
422b, between retlected light signals 432a and 4325, etc.). In
some examples, time gap T, can be configured based on 5
other criteria (e.g., to enforce minimum measurement dis-
tance, to distinguish the reflected light signals for diflerent
vehicles/L1IDAR systems, etc., as to be described below) and
not to avoid interference between the reflected light signals
from different objects (e.g., retlected light signals 42256 and 10
432a). For example, 11 the amplitude difference between
light signals 310a and 3105 1s large, the amplitude between
reflected light signals 42256 and 432a will also be large. In
this case, even i reflected light signals 432a and 42256
overlap, the corruption of the stronger retlected light signal 15
(e.g., light signal 422a) by the weaker reflected light signal
(e.g., light signal 432a) 1s relatively small, and the stronger
reflected light signal can still be identified by multi-signal
distance determination module 332. In such a case, or i1n
other cases where interference between reflected signals 20
from different objects 1s acceptable, time gap T, needs not

be configured to avoid interference between the reflected
lig'lt signals from different objects.

In some embodiments, the time gap 1,,, between light
signals 310a and 3106 can be dynamically updated based on 25
an operation condition. FIG. 4B and FIG. 4C 1illustrate
examples of dynamic adjustment of time gap T, . F1G. 4B
illustrates an example where time gap T, can be dynami-
cally adjusted to measure the distance of an approaching
target object. Ranging system 300 can transmit multiple 30
groups of light signals 310a and 3105. The T, between
light signals 310a and 3105 can be dynamically adjusted
between each group so that each group can have diflerent
I's,,- The adjustment can be based on, for example, a
random function. Changing 1., from one scan point to 35
another can increase the likelithood that the multiple groups

of reflected light signals 3124 and 31256 arrive at different
times to avoid interference between the groups of reflected
signals, which can avoid the loss of multiple points 1n a
frame. For example, referring to FIG. 4B, a vehicle carrying 40
ranging system 300 may move towards a target object 444.
As shown 1n graph 460, between times T0 and T1, ranging
system 300 may transmit light signals 310a and 31056 of
which the middle points are separated by time gap T, .-
Between times T2 and T3 transmitter 202 can retransmit 453
light signals 310a and 3106 with a reduced time gap T,
(compared with T, ), whereas between times T4 and TS
transmitter 202 can retransmit light signals 310a and 3105
witha gap T, thatis difterent from T, ), and T . As
the distance between ranging system 300 and object 444 50
keeps shrinking, the light signals 310a and 3105 transmitted
between the earlier times T0 and T1 experiences a longer
time-oi-tlight than and the light signals 310a and 31054
transmitted between the later times T2 and T3. As a result,

it 1s possible that their reflected light signals may arrive at 55
vicinity to each other. By randomizing the time gap T, , for
different groups of light signals 310aq and 3105b, ranging
system 300 can distinguish the closely-timed reflected sig-
nals for the diflerent groups of light signals 310a and 3105
based on the different values of time gap T,, to perform 60
distance and reflectivity determination. With such arrange-
ments, the accuracy of distance and retlectivity determina-
tion can be improved.

F1G. 4C 1llustrates another example where time gap T,
can be dynamically adjusted to associate transmitted signals 65
with different vehicles, to avoid a vehicle using reflected
light signals targeted at another vehicle for distance mea-
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surement. As shown i FIG. 4C, two ranging systems 300q
and 3005 of two different vehicles may transmait light signals
to target object 444. Referring to graph 470, ranging system
300a may transmit light signals 462a and 4625 between
times T0 and T1, which are reflected ofl target object 444 to
generate reflected light signals 464a and 464b. Moreover,
ranging system 30056 may transmit light signals 472a and
4’725 between times 12 and T3, which are reflected ofl target
object 444 to generate reflected light signals 474a and 4745.
If ranging systems 300a and 3006 are at vicinity of each
other, the recerver of each ranging system may receive
reflected signals that are targeted at both ranging systems.
For example, referring to graph 460, ranging system 300q
may receive a mixture of retlected light signals 464a, 4645,

474a, and 474b, and need to identily the reflected light

signals that are targeted at ranging system 300aq (e.g.,
reflected signals 464a and 464b) for distance measurement,
while 1gnoring reflected light signals that are not targeted at
ranging system 300q (e.g., reflected signals 474a and 4745b).
Ranging system 3005 may also need to identily reflected
signals 474a and 47456 for distance measurement.

To enable each ranging system to i1dentity reflected light
signals targeted at that ranging system, each ranging system
can insert difterent time gaps T, , between the transmitted
light signals. The time gap can be configured to 1dentify the
reflected signals for a particular vehicle. In the example of
FIG. 4C, ranging system 300a may msert ime gap T,
between light signals 462a and 4625, so that retlected light
signals 464a and 4645 are also separated by ime gap T, -
Moreover, ranging system 3006 may insert time gap T,
between light signals 472a and 472b, so that reflected light
signals 474a and 4745 are also separated by time gap T, -
The multi-signal distance determination module 332 of each
ranging system can then i1dentity the reflected light signals
targeted for each ranging system based on identifying the
time gaps between the detected signals.

There are different ways of configuring a time gap value
for a vehicle. In some embodiments, the time gap can be
unmique for a particular vehicle, and the ranging systems of
different vehicles can be pre-configured to isert difierent
time gaps. In some embodiments, the ranging system of a
vehicle can insert a default time gap between transmitted
light signals when no other vehicle 1s close by. When another
vehicle 1s close by (e.g., being within certain a distance), the
ranging system of the vehicle can discover the ranging
system of the other vehicle. The ranging systems of the two
vehicles can communicate to exchange time gap configura-
tion information. The ranging systems can also negotiate
with each other so that they can use diflerent time gaps for
light signal transmission. When the vehicles are no longer at
vicinity to each other, the ranging system of the vehicle can
revert back to inserting the default time gap between trans-
mitted light signals.

In addition to time gap 1.,,. the signal levels of light
signals 310a and 3106 can be configured based on the
operation conditions of ranging system 300. For example, as
described above, the signal levels of light signals 310a and
310H can be configured to ensure that at least one of the
reflected light signals 312a or 3125b, at receiver 204, 1s
within the dynamic range of the receiver across an opera-
tional range of measurement distance and across an opera-
tional range of target object reflectivity. The signal levels of
light signals 310aq and 3106 can be individually configured
for the upper end and lower end of the dynamic range, and
for the operation conditions associated with the upper end
and lower end of the dynamic range.
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FIG. 5A illustrates an example of configuration of the
signal levels of light signals 310a and 31056. As described
above, the signal level of light signal 310a can be smaller
than that of light signal 3105. As shown m FIG. 5A, light
signal 310a can be configured such that the maximum signal
level of reflected light signal 312a 1s at or below the upper
limit 252 of the dynamic range, whereas light signal 31056
can be configured such that mimimum signal level of
reflected light signal 31254 1s at or above the lower limit 232
of the dynamic range.

Specifically, the signal level of light signal 310a can be
configured such that reflected signal 312a reflected from
target object 230 having maximum reflectivity p___ and
positioned at a minimum measurement distance D, ., from
ranging system 300 1s at or below the upper limit of 252 of
the dynamic range. In this scenario, although the signal level
of reflected light signal 3126 (from the reflection of light
signal 3105) exceeds upper limit of 252, multi-signal dis-
tance determination module 332 can 1gnore reflected light
signal 31256 and perform time-of-flight determination using
reflected light signal 312a, which 1s within the dynamic
range of recerver 204 and the pre-processed signal 1s linearly
related to the reflected light signal 31256 received by recetver
204.

Moreover, the signal level of light signal 3105 can be

configured such that reflected signal 3125 reflected from
target object 250 having a minimum reflectivity p_. and
positioned at a maximum measurement distance D from
ranging system 300 1s at or above the lower limit of 232 of
the dynamic range. In this scenario, although the signal level
of reflected light signal 312a (from the reflection of light
signal 3106) 1s below lower limit of 232, multi-signal
distance determination module 332 can 1gnore reflected light
signal 312a and perform time-of-flight determination using
reflected light signal 3126, which 1s within the dynamic
range of recerver 204 and the pre-processed signal 1s linearly
related to the reflected light signal 3125 received by recerver
204.
In some embodiments, the ratio between signal levels of
light signals 310a and 31056 (M m FIG. 3A) can also be
configured by finding the signal dynamic range, which can
be the ratio between the maximum received signal level
(e.g., reflected signal 3125 retlected from target object 230
having reflectivity p,,, . and positioned at distance D, )
and the minimum received signal level (e.g., reflected signal
312a retlected from target object 250 having reflectivity p .
and positioned at distance D, .. and dividing the ratio by
the dynamic range of the ADC of receiver 204 (1n terms of
number of bits). For example, referring to FIG. 5B, assum-
ing that the reflectivity of an object for the ranging operation
1s between 0.1 and 0.8, and the distance of the object is
between D, .- (€.g., 5 meters) and D, , .- (e.g., 100 meters).
A signal dynamic range, which can be defined based on a
ratio between maximum signal (e.g., maximum APD peak
current) and preprocessing system noise (e.g., APD+Ampli-
fier+ ADC), can be about 20k. The dynamic range of ADC 1s
10 bits (which represents 1024 linear ratios). The value of M
can be chosen to be greater than 20k/1024, such as 20. An
optimum value of M can be chosen as the square root of the
signal dynamic range (square root of 20k) which equals to
141.

In some examples, the ratio between signal levels of light
signals 310aq and 3105 (M) can also be configured to enable
ranging system 300 to distinguish reflected light signals
from multiple target objects. Reference 1s now made to FIG.
5C, which 1illustrates a relationship of peak photodetector
current (APD current) ratio from reflected light signals
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reflected by two target objects that are 3 meters apart. The
ratio 1s the maximum when the closest target object 1s at zero
distance from ranging system 300, and the ratio decreases as
the distance between the closest target object and ranging
system 300 increases. Referring to FIG. 3C, if the minimum
measurement distance D, ., 1s 5 meters, the ratio of peak
photodetector current of reflected signals generated by
reflection of the same light pulse by the target objects 1s
about 29. For multi-signal distance determination module
332 to determine whether two reflected light signals corre-
spond to reflected light signal 312a and retlected light signal
3125 retlected from the same object, or correspond to one of
light signal 312a or 312b reflected from the two target
objects, the ratio of light signals 310a and 31056 can be set
above 29. With such arrangements, retlected signals within
time interval T, having signal levels ratio below 29 can be
determined to be generated by reflection of the same light
signal by diflerent target objects, whereas reflected signals
having signal levels ratio above 29 can be determined as
generated by the reflection of light signals 310a and 3105 are
from the same target object.

Method

FIG. 6 illustrates a flowchart of example process 600 for
performing a ranging operation. Process 600 can be per-
formed by, for example, ranging system 300. Ranging
system 300 can be part of a LiDAR module and includes a
transmitter circuit (e.g., transmitter 202), a receiver circuit
(e.g., recerver 204), and a controller (e.g., controller 306).
The recerver circuit includes a pre-processing circuit (e.g.,
amplifier, ADC, etc.) to pre-process detected signals for
processing by the controller, and the receiver circuit has a
dynamic range that defines a range of mput for which an
output of the pre-processing circuit 1s linearly related to the
input.

Process 600 beings with operation 602, in which the
controller configures a first signal level of a first signal and
a second signal level of a second signal. The first signal level
and the second signal level can be configured based on a
range of distances to be measured by the LiIDAR module, a
range of reflectivity of a target object to be detected by the
L1DAR module, and the dynamic range. For example, the
first signal level can be smaller than the second signal level.
For example, referring to FIG. SA and FIG. 5B, the first
signal level can be configured such that a signal level of the
reflected first signal from a target object positioned at the
minimum distance of the range of distances from the LiDAR
module and having a maximum level of reflectivity of the
range of levels of reflectivity, measured at an mput of the
receiver circuit, 1s equal to or below an upper end of the
dynamic range. The second signal level can be configured
such that a signal level of the reflected second signal from
a target object positioned at a maximum distance of the
range of distances from the LiDAR module and having a
minimum level of reflectivity of the range of levels of
reflectivity, measured at the input of the receiver circuit, 1s
equal to or above a lower end of the dynamic range.
Moreover, referring to FIG. 5C, the first and second signal
levels can also be determined based on the maximum ratio
of reflected signals from two objects separated by a pre-
determined separation distance (e.g., mimmum separation
distance to be resolved by the LiIDAR module). To improve
the likelihood that the controller can distinguish two signals
reflected from two minimally-spaced objects from the first
signal and the second signal reflected from the same object,
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the amplitude/power ratio between the first signal and the
second signal can be set to be higher than the maximum
ratio.

In operation 604, the controller configures a time gap
between the first signal and the second signal based on a
mimmum separation distance between two target objects to
be resolved by the LiDAR module. For example, as
described in FIG. 4A, the time gap can be configured to
ensure that reflected signals from two objects separated by
more than the minimum separation distance do not overlap/
interfere with each other at the receiver.

In operation 606, the transmitter circuit transmits, at
respectively a first time and a second time, the first signal
having the first signal level and the second signal having the
second signal level. The first time and the second time being
separated by the time gap. Examples of the transmission of
the first signal and second signal 1s described in FIG. 3A and
FIG. 3B.

In operation 608, the receirver circuit detects signals
comprising a reflected first signal and a reflected second
signal. The reflected first signal and the reflected second
signal are generated based on retlection of, respectively, the
first signal and the second signal by a target object.

In operation 610, the pre-processing circuit of the receiver
circuit pre-processes the detected signals. The pre-process-
ing may comprises at least one of amplifying or digitizing
the detected signals, to improve the subsequent processing,
operations on the detected signals. For those detected signals
that are within the dynamic range of the pre-processing
circuit, the pre-processed signals can be linearly related to
those detected signals.

In operation 612, the pre-processing circuit outputs the
pre-processed signals to the controller for subsequent pro-
cessing operations.

In operation 614, as part of the processing operations, the
controller identifies candidate reflected signals separated by
the time gap. To identity candidate reflected signals, the
controller can search for detected signals that are separated
by the time gap.

In operation 616, as part of the processing operations, the
controller compares the candidate reflected signals with the
first signal and the second signal to 1dentify at least one of
the reflected first signal or the reflected second signal. In
some examples, the controller can obtain amplitude charac-
teristics and/or frequency contents of the candidate reflected
signals, and compare the amplitude characteristics and/or
frequency contents of the candidate reflected signals with
the amplitude characteristics and/or frequency contents of
the first signal and the second signal. Based on the results of
comparison, the controller can determine, for example, that
a first candidate retlected signal 1s linearly related to the first
signal, and that the first candidate reflected signal is the
reflected first signal. The controller can also determine that
a second candidate reflected signal 1s linearly related to the
second signal, and that the second candidate reflected signal
1s the reflected second signal.

In operation 618, the controller determines at least one of:
a distance between the L1IDAR module and the target object,
or a reflectivity of the target object, based on the at least one
of the reflected first signal or the reflected second signal. For
example, 1n a case where the reflected first signal 1s outside
the dynamic range of the recerver circuit, the controller can
determine the distance based on a time difference between
the second signal and the reflected second signal. Also, 1n a
case where the reflected second signal 1s outside the
dynamic range of the receiver circuit, the controller can
determine the distance based on a time difference between
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the first signal and the reflected first signal. If both the
reflected first signal and the reflected second signal are
within the dynamic range, the controller can determine the
distance based on, for example, averaging the time difler-
ences between the first signal and the reflected first signal
and between the second signal and the reflected second
signal. Moreover, the controller can also determine a reflec-
tivity of the target object based on, for example, a ratio of
amplitude/power between the first signal and the retlected
first signal and/or between the second signal and the
reflected second signal, and Equation 1.

Other variations are within the spirit of the present
disclosure. Thus, while the disclosed techniques are suscep-
tible to various modifications and alternative constructions,
certain 1llustrated embodiments thereol are shown in the
drawings and have been described above 1n detail. It should
be understood, however, that there 1s no intention to limait the
disclosure to the specific form or forms disclosed, but on the
contrary, the mtention 1s to cover all modifications, alterna-
tive constructions and equivalents falling within the spirt
and scope of the disclosure, as defined 1n the appended
claims. For instance, any of the embodiments, alternative
embodiments, etc., and the concepts thereol may be applied
to any other embodiments described and/or within the spirit
and scope of the disclosure.

The use of the terms “a” and “an” and “the” and similar
referents 1n the context of describing the disclosed embodi-
ments (especially i the context of the following claims) are
to be construed to cover both the singular and the plural,
unless otherwise indicated herein or clearly contradicted by
context. The terms “comprising,” “having,” “including,”
and “contaiming” are to be construed as open-ended terms
(1.e., meamng “including, but not limited to,”) unless oth-
erwise noted. The term “‘connected” i1s to be construed as
partly or wholly contained within, attached to, or joined
together, even 1f there 1s something intervening. The phrase
“based on” should be understood to be open-ended, and not
limiting 1n any way, and 1s intended to be interpreted or
otherwise read as “based at least in part on,” where appro-
priate. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-
vidually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value 1s
incorporated into the specification as 1f it were 1ndividually
recited herein. All methods described herein can be per-
formed 1n any suitable order unless otherwise indicated
herein or otherwise clearly contradicted by context. The use
of any and all examples, or exemplary language (e.g., “such
as’’) provided herein, 1s intended merely to better 1lluminate
embodiments of the disclosure and does not pose a limita-
tion on the scope of the disclosure unless otherwise claimed.
No language in the specification should be construed as
indicating any non-claimed element as essential to the
practice of the disclosure.

What 1s claimed 1s:

1. An apparatus, the apparatus being part of a Light
Detection and Ranging (L1DAR) module of a vehicle and
comprising a transmitter circuit, a receiver circuit having a
dynamic range that defines a range of mput for which an
output of the receiver circuit 1s linearly related to the input,
and a controller;

wherein the controller 1s configured to:

configure a first signal level of a first signal and a
second signal level of a second signal based on a
range ol distances to be measured by the LiDAR
module, a range of retlectivity of a target object to be
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detected by the LiDAR module, and the dynamic
range of the receiver circuit; and

configure a time gap between the first signal and the
second signal based on a minimum separation dis-
tance between two target objects to be resolved by
the LiDAR module;

wherein the transmitter circuit 1s configured to transmit,

respectively at a first time and a second time, the first

signal having the first signal level and the second signal

having the second signal level, the first time and the

second time being separated by the time gap;

wherein the receiver circuit 1s configured to:

detect signals comprising a reflected first signal and a
reflected second signal generate based on reflection
of respectively the first signal and the second signal
by a target object;

pre-process the detected signals, the pre-processing
comprising at least one of amplifying or digitizing
the detected signals; and

output the pre-processed signals to the controller;

and wherein the controller 1s configured to:

identify, from the pre-processed signals, candidate
reflected signals, the identification being based on
searching for a group of pre-processed signals that
are separated by the time gap;

compare the candidate retlected signals with the first
signal and the second signal to i1dentify at least one
of the reflected first signal or the retlected second
signal; and

determine at least one of: a distance between the
apparatus and the target object, or a reflectivity of the
target object, based on the at least one of the reflected
first signal or the retlected second signal.

2. The apparatus of claam 1, wherein the controller 1s
configured to:

identily the reflected first signal from the candidate

reflected signals;

determine a first time difference between the first signal

and the retlected first signal;

determine a first time-oi-tlight of the first signal based on

the first time diflerence; and

determine the distance based on the first time-of-tlight.

3. The apparatus of claim 2, wherein the controller 1s
configured to:

based on determining that the reflected second signal 1s

not within the dynamic range of the receiver circuit,
determining the distance based on the first time-oi-
tlight.

4. The apparatus of claim 2, wherein the controller 1s
configured to:

based on determining that the reflected second signal 1s

within the dynamic range of the receiver circuit, deter-
mining a second time-of-flight of the second signal
based on a second time difference between the second
signal and reflected second signal; and

determining the distance based on the first time-of-tlight

and the second time-of-tlight.

5. The apparatus of claim 1, wherein the controller 1s
configured to, based on determining that the reflected first
signal 1s not within the dynamic range of the receiver circuit:

identily the reflected second signal from the candidate

reflected signals;

determine a second time difference between the second

signal and the reflected second signal;

determine a second time-of-flight of the second signal

based on the second time difference; and

determine the distance based on the second time-oi-tlight.
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6. The apparatus of claim 1, wherein the controller 1s
configured to determine the reflectivity of the target object
based on at least one of: a first ratio between the first signal
level of the first signal and a third signal level of the reflected
first signal, or a second ratio between the second signal level
of the second signal and a fourth signal level of the retlected
second signal.

7. The apparatus of claim 1, wherein:

the LiDAR module 1s a first LiIDAR module;

the time gap 1s a first time gap; and

the controller 1s configured to set the first time gap based

on a second time gap between a third signal and a
fourth signal transmitted by a second LiDAR module.

8. The apparatus of claim 1, wherein the controller 1s
configured to transmit multiple groups of the first signal and
the second signal; and

wherein the time gap between the first signal and the

second signal for each of the multiple groups 1s set
based on a random function.
9. The apparatus of claim 1, wherein:
the first signal level 1s configured such that a signal level
of the reflected first signal from a target object posi-
tioned at a mimnimum distance of the range of distances
from the LiDAR module and having a maximum level
of reflectivity of the range of levels of reflectivity,
measured at an iput of the receiver circuit, 1s equal to
or below an upper end of the dynamic range; and
the second signal level 1s configured such that a signal
level of the reflected second signal from a target object
positioned at a maximum distance of the range of
distances from the LiDAR module and having a mini-
mum level of reflectivity of the range of retlectivity,
measured at the input of the receiver circuit, 1s equal to
or above a lower end of the dynamic range.
10. The apparatus of claim 1, wherein a ratio between the
first signal level and the second signal level i1s configured
based on a ratio of signal of reflected signals generated by
reflection of a signal at two target objects separated by a
pre-determined distance, to enable the controller to deter-
mine whether two reflected signals are generated by reflec-
tion of a signal at two target objects or are generated by
reflection of the first signal and the second signal at a single
target object.
11. An apparatus, the apparatus being part of a Light
Detection and Ranging (L1IDAR) module of a vehicle and
comprising a transmitter circuit, the transmitter circuit being
coniigured to:
transmit a first signal having a first signal level and a
second signal having a second signal level, the second
signal being transmitted after the first signal, the first
signal and the second signal being separated by a time
gap configured based on a minimum separation dis-
tance between two target objects to be resolved by the
[L1IDAR module,

wherein the first signal level and the second signal level
are configured based on a range of distances to be
measured by the LiDAR module, a range of levels of
reflectivity of a target object to be detected by the
L1DAR module, and a dynamic range of a receiver
circuit to recerve the first signal and the second signal,
such that at least one of a reflected first signal or a
reflected second signal, generated based on reflection
of respectively the first signal and the second signal by
the target object, 1s within the dynamic range of the
recerver circuit when received at the receiver circuit:
and
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wherein the dynamic range defines a range of iput for
which an output of the receiver circuit 1s linearly
related to the mput.

12. An apparatus, the apparatus being part of a Light
Detection and Ranging (LiDAR) module of a vehicle and °
comprising a receiver circuit having a dynamic range that
defines a range of input for which an output of the receiver
circuit 1s linearly related to the input, and a controller;

wherein the receiver circuit 1s configured to:

detect signals comprising a reflected first signal and a
reflected second signal generated based on reflection
of a first signal and a second signal by a target object,
the first signal and the second signal being separated
by a time gap configured based on a minimum
separation distance between two target objects to be
resolved by the LiDAR module, the first signal and
the second signal having, respectively, a first signal
level and a second signal level configured based on
a range ol distances to be measured by the LiIDAR 3¢
module, a range of levels of reflectivity of a target
object to be detected by the LiDAR module, and the
dynamic range of the receiver circuit;
pre-process the detected signals, the pre-processing
comprising at least one of amplifying or digitizing 25
the detected signals; and
output the pre-processed signals to the controller;
and wherein the controller 1s configured to:
identify, from the pre-processed signals, candidate
reflected signals, the identification being based on 30
searching for a group of pre-processed signals that
are separated by the time gap;
compare the candidate retlected signals with the first
signal and the second signal to identify at least one
of the reflected first signal and the reflected second 35
signal; and
determine at least one of: a distance between the
apparatus and the target object, or a reflectivity of the
target object, based on the at least one of the retlected
first signal or the reflected second signal. 40
13. A method comprising:
configuring, by a controller of a LiDAR module, a first
signal level of a first signal and a second signal level of
a second signal based on a range of distances to be
measured by the LIDAR module, a range of reflectivity 45
of a target object to be detected by the LiDAR module,
and a dynamic range of a recerver circuit of the LiIDAR
module, wherein the dynamic range defines a range of
input for which an output of the receiver circuit is
linearly related to the mnput; 50
configuring, by the controller, a time gap between the first
signal and the second signal based on a minimum
separation distance between two target objects to be
resolved by the LiDAR module;
transmitting, by a transmitter circuit of the LiDAR mod- 55
ule and at respectively a first time and a second time,
the first signal having the first signal level and the
second signal having the second signal level, the first
time and the second time being separated by the time
2ap; 60

detecting, by the receiver circuit, signals comprising a
reflected first signal and a reflected second signal
generate based on reflection of respectively the first
signal and the second signal by a target object;

pre-processing, by the receiver circuit, the detected sig- 65

nals, the pre-processing comprising at least one of
amplifying or digitizing the detected signals;
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outputting, by the receiver circuit, the pre-processed sig-
nals to the controller;

identifying, by the controller and from the pre-processed
signals, candidate reflected signals that are separated by
the time gap;

comparing, by the controller, the candidate retlected sig-
nals with the first signal and the second signal to
identify at least one of the reflected first signal or the
reflected second signal; and

determining, by the controller, at least one of: a distance
between the LiDAR module and the target object, or a
reflectivity of the target object, based on the at least one
of the reflected first signal or the reflected second

signal.
14. The method of claim 13, wherein determining the

distance comprises:

identitying the reflected first signal from the candidate
reflected signals;

determining a {irst time difference between the first signal
and the retlected first signal;

determining a first time-oi-flight of the first signal based
on the first time difference; and

determining the distance between the LiDAR module and
the target object based on the first time-of-flight.

15. The method of claim 14, wherein determining the

distance comprises:

based on determining that the reflected second signal 1s
not within the dynamic range of the receiver circuit,
determining the distance based on the first time-oi-
tlight.
16. The method of claim 14, wherein determining the

distance comprises:

based on determining that the reflected second signal 1s
within the dynamic range of the receiver circuit, deter-
mining a second time-of-tlight of the second signal
based on a second time difference between the second
signal and reflected second signal; and

determining the distance based on the first time-of-flight
and the second time-of-tlight.

17. The method of claim 13, wherein determining the

reflectivity of the target object comprises:

determiming at least one of: a first ratio between the first
signal level of the first signal and a third signal level of
the retlected first signal, or a second ratio between the
second signal level of the second signal and a fourth
signal level of the reflected second signal; and

determining the reflectivity of the target object based on
at least one of the first ratio or the second ratio.

18. The method of claim 13, further comprising:

transmitting, by the transmitter circuit, multiple groups of
the first signal and the second signal,

wherein the time gap between the first signal and the
second signal for each of the multiple groups 1s set
based on a random function.

19. The method of claim 13, wherein:

the first signal level 1s configured such that a signal level
of the reflected first signal from a target object posi-
tioned at the minimum distance of the range of dis-
tances from the L1IDAR module and having a maximum
level of reflectivity of the range of levels of reflectivity,
measured at an mput of the receiver circuit, 1s equal to
or below an upper end of the dynamic range; and

the second signal level 1s configured such that a signal
level of the reflected second signal from a target object
positioned at a maximum distance of the range of
distances from the LiDAR module and having a mini-
mum level of reflectivity of the range of retlectivity,
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measured at the mput of the receiver circuit, 1s equal to
or above a lower end of the dynamic range.

20. The method of claim 13, wherein a ratio between the
first signal level and the second signal level 1s configured
based on a ratio of signal of reflected signals generated by 5
reflection of a signal at two target objects separated by a
pre-determined distance, to enable the controller to deter-
mine whether two reflected signals are generated by reflec-
tion of a signal at two target objects or are generated by
reflection of the first signal and the second signal at a single 10
target object.

26
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